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Tue effect of inbreeding on the progeny is a much- 
discussed problem of theoretical biology and of practical 
breeding. It has been alternately maintained, on the one 
hand that inbreeding is the most pernicious and destruc- 
tive procedure which could be followed by the breeder, 
and on the other hand, that without its powerful aid most 
of what the breeder has accomplished in the past could 
not have been gained and that it offers the chief hope for 
further advancement in the future. While there is now, 
among animal breeders at least, a more widespread ten- 
dency than was formerly the case towards the opinion 
that inbreeding per se is not a surely harmful thing, 
nevertheless this opinion is by no means universally held 
and in any case does not rest upon a definite and well- 
organized body of evidence. Aside from a relatively 
small amount of definite experimental data one’s judg- 
ment in the matter (so far as it is not wholly speculative) 
is finally formed on the basis of his interpretation of the 
vast accumulation of material comprised in the recorded 
experience of the breeders of registered (pedigreed) 
livestock. 

This material recorded in the books of registration far 
exceeds in amount and in diversity any which could pos- 
sibly be obtained experimentally on the same forms of 
life. It must be said, however, that the discussion of it 


1Papers from the Biological Laboratory of the Maine Agricultural 
Experiment Station, No. 47. 
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with a view to an analysis of the effects of inbreeding, 
though undertaken at greater or less length by a number 
of men including Lehndorff, von Oettingen, Bruce Low, 
Hoesch, Chapeaurouge, Bunsow, Stranz and others, has 
not led to results characterized by the precision or the 
definiteness or the quality of getting at fundamentals de- 
manded in the present state of the science of genetics. 

The lack of precision and fundamental character in the 
studies alluded to is not primarily to be attributed to any 
inherent defect in the material. In the breeding of all of 
the domestic animals inbreeding has been practised; in 
many instances to a very marked degree. Further the 
manner in which the inbreeding has been done (the types 
of relationship-matings) exhibits a most intricate diver- 
sity, from which different types may be picked out for 
analysis in any reasonable quantity.. The records are 
accurate within their limitations, to a high degree. 
Probably no experimentalist’s records of descent are 
more accurate, considering the relative numbers involved 
in the two eases. 

The real need, I venture to think, has been for an ap- 
propriate and valid method of pedigree analysis, which 
possessed generality, and could on that account be de- 
pended on to give comparable results when applied to 
two (or more) different pedigrees. Specifically, there 
seems not to have been worked out any adequate general 
method of measuring quantitatively the degree of in- 
breeding which is exhibited in a particular pedigree. 
Without such a measure it is clearly impossible to pro- 
ceed far in the analysis of the kinship aspect of in- 
breeding. 

It is the purpose of this paper to present a method for 
measuring and expressing numerically, in the form of a 
coefficient, the degree of inbreeding which exists in any 
particular case, and to show by illustrations the manner 
in which these coefficients may be computed. I shall en- 
deavor to show that the method is (a) wnique, in the sense 
that the values obtained in any particular instance can 
only be affected by the degree or amount of inbreeding 
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which has been practised in the line of descent under con- 
sideration and (b) general, in the sense that it is equally 
applicable to all pedigrees and to all degrees and types of 
inbreeding. 

PRELIMINARY DEFINITIONS 

In attempting any general analysis of the problem of 
inbreeding from the theoretical standpoint one is con- 
fronted with the necessity for a definition of inbreeding, 
which shall be at once precise and general, that is, such as 
to include all of the many diverse ways in which this sort 
of breeding may be practised. A great number of defini- 
tions of the concept ‘‘inbreeding’’ have been proposed in 
the literature of genetics. I shall not attempt to review 
these definitions here, since to do so would serve no use- 
ful purpose in the present connection. <A careful con- 
sideration of them is bound, I think, to lead one to the 
conclusion that they have been, in general, based on 
grounds of practical expediency, rather than critical 
biological analysis. 

Clearness and simplicity of thinking will be gained by 
approaching the problem de novo. Leaving aside for the 
moment all consideration of details as to how a particular 
piece of inbreeding is done it is clear that underlying all 
definitions of inbreeding is to be found the concept of a 
narrowing of the network of descent as a result of mating 
together individuals genetically related to one another in 
some degree. Let us take this as our basic concept of in- 
breeding. It means that the number of potentially differ- 
ent germ-to-germ lines, or ‘‘hlood-lines ’’ concentrated in 
a given individual animal is fewer if the individual is 
inbred than if it is not. In other words, the inbred indi- 
vidual possesses fewer different ancestors in some par- 
ticular generation or generations than the maximum pos- 
sible number for that generation or generations. This 
appears to be the most general form in which the concept 
of inbreeding may be expressed.? In whatever way the 

* This, of course, looks at the matter primarily.from the standpoint of 


kinship. This is all that is intended here. The discussion of the justifiea- 
tion for this method of treating the subject, and of gametie relationships 


| 
| 


580 THE AMERICAN NATURALIST  [Vou. XLVII 


mating of relatives is accomplished, or whatever the de- 
gree of relationship of the individuals mated together, 
the case in last analysis comes back to the above state- 
ment, namely that there are actually in the pedigree of 
the inbred individual fewer different ancestors in some 
particular generation or generations than the maximum 
possible number.*® 
The idea suggested in the foregoing paragraph may be 
expressed symbolically as follows. If there is absolutely 
no collateral relationship between any of the individuals 
in a pedigree, the number of different individuals in suc- 
ceeding ancestral generations will be given by the series 
(1)2 (2)40 (3)8 (4)16< (5)32 2”, (1) 
where the numbers in parenthesis denote the numbers of 
the ancestral generations (1— parents, 2— grandparents, 
3= great-grandparents and so on), and the free figures 
denote the maximum possible number of different ances- 
tors in the indicated generation. If in any generation in 
the series relatives are bred together the same individual 
will appear more than once in the ancestral series, and 
the number of different individual ancestors in the higher 
terms will be accordingly diminished below the maximum 
number as given in (i). The series will then become 


x (1)2< (2)4—y, (3)8— ys 
(4)16—y,.< (5)32—y,---, 
where Yo; * May, in the wth generation have any 
value not greater than 2"— 2, in the case of organisms in 
which two individuals must cooperate in the process of 
reproduction. The final limiting case is, of course, self- 


in inbreeding (heterozygosis in the sense of East and Hayes, etc.), will be 
undertaken in a later section of the paper (p. 605). 

°This generalized concept of inbreeding seems to me to be in essential 
(though not entirely in verbal) agreement with that of O. F. Cook, whose 
interesting general discussions of this and related problems are summarized 
in a recent paper (‘‘The Superiority of Line Breeding over Narrow Breed- 
ing,’’ U. S. Dept. Agr., Bur. Plant Ind. Bul. 146, 1909). I use ‘‘inbreed- 
ing’’ as a generic term, while Cook regards it as a species of ‘‘line breed- 
ing.’’ This seems to me to be a purely terminological difference, and not 
of great consequence. 
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fertilization, where the number of ancestors reduces to 1 
in each generation. 


THe MEASUREMENT OF THE DEGREE OF INBREEDING 


This brings us to a consideration of a practical and 
general measure of the degree of inbreeding exhibited in 
a particular pedigree. This problem has been attacked 
by a number of other investigators, but so far as I have 
been able to learn all previous measures have been modi- 
fications in one form or another of the scheme of Lehn- 
dorff. This plan‘ took account, as a measure of inbreed- 
ing, only of the number of generations intervening be- 
tween that generation in which relatives were bred to- 
gether, and that generation in which their first common 
ancestor was found. Thus Lehndorff says :° 


I am of opinion, that a horse should only be termed in-bred, when in 
sum total less than four degrees lay between its parents and their 
common ancestor; in other words, when the children or grandchildren 
of a stallion or a mare are mated, I call their produce in-bred; but this 
term does not apply to the produce of great-grandchildren of the 
common ancestor. We must not forget that in the pedigrees of horses 
the word brother or sister often means half-brother or half-sister, and 
that here the definition borrowed from the human family connection is 
not applicable. 

As breeding within moderate relationship I reckon the mating of 
stallion and mare that are removed from their common ancestor four, 
five or six degrees. It is indifferent whether they are on both sides 
equidistant from, or one of them nearer to the male or female pro- 
genitor than the other. 


Von Oettingen used a measure exactly the same in 
principle as this of Lehndorff’s. The system of Bruce 
Low, though somewhat differently stated, comes to essen- 
tially the same thing, so far as I am able to determine 
from abstracts, this author’s original writings not having 
been accessible to me. 

All systems based on the number of ‘‘free generations’’ 
alone do not furnish a precise or reliable measure of the 
real intensity of inbreeding. The essential reason for 
this failure, stated baldly, is that they do not take account 


*Cf. Lehndorff, G., ‘‘ Horse-breeding Recollections,’’ Philadelphia, 1887. 
5 Loc. cit., p. 49. 
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of the composition of the generation to which the ‘‘com- 
mon ancestors’’ of an inbred pair belong. This can be 
most clearly shown by comparison of two hypothetical 
pedigrees. In these pedigrees letters will be used to 
designate animals. 


PEDIGREE TABLE I. (Hypothetical) 


| (9 | 
| h in 
| 
v 
a 
| | x 
Alpha | 
l 
b 4 | 
| {m | 
J | fr 
n | \ 8 
PEDIGREE TABLE II. (Hypothetical) 
gi | { 
| 
{hi 
ai | 4 | Pr 
| 01 
(a 
ji | { 
Omega 4 | | 
| j O1 
bt } \ 
| 
| n1 | 
| 
Ancestral Generation | 1 | 2 3 4 


Now it is plain that in both of these pedigrees the num- 
ber of ‘‘free generations’’ between the mating of the 
parents of Alpha and Omega respectively (generation 
number 1) and this common ancestor—o in one case, and 
0, and p, in the other case—is the same, namely 2. Yet 
every one would agree that the inbreeding involved in the 
breeding of Omega is much more intense than that in- 
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volved in the breeding of Alpha. In the second pedigree 
it is assumed that there were only two different indi- 
viduals in the fourth ancestral generation. In other 
words, all the individuals in generation 3 of this pedigree 
II are brothers and sisters, though different animals (i. e., 
produced, by hypothesis, at successive matings of 0, and 
p,). -A condition in considerable degree approaching this 
is very frequently found in livestock pedigrees. On the 
other hand in pedigree I all of the individuals of the 
fourth generation are different and are assumed to be 
absolutely unrelated, with the single exception of indi- 
vidual 0, which appears twice in this generation. The 
point I think is clear: according to the Lehndorff measure 
both of these pedigrees show the same degree of inbreed- 
ing (free generations —2), whereas actually there is a 
wide difference between the two. 

In developing a general measure of the intensity of in- 
breeding we may well start from the conception set forth 
in the preceding section, namely that the inbred individual 
possesses fewer different ancestors than the maximum 
possible number. Besides this factor account must be 
taken of the generation or generations in which the re- 
duced number of different ancestors is found, and the 
extent to which these generations are removed (in the 
sense of Lehndorff discussed above) from the individual 
or generation under consideration. In other words the 
two factors which must be included in a general measure 
of the intensity of inbreeding are (a) the amount of 
ancestral reduction in successively earlier generations, 
and (b) the rate of this reduction over any specified num- 
ber of generations. 

Both of these demands are met, I think, by taking as a 
measure of the intensity of inbreeding in any generation 
the proportionate degree to which the actually existent 
mumber of different ancestral individuals fails to reach 
the maximum possible number, and by specifying the 
location in the series of the generation under discussion. 

This statement is amplified and made more precise in 
the following propositions. 
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1. The production of the individual must be the point 
of departure in any analytical consideration of inbreed- 
ing, leading towards its measurement. That is, the ques- 
tion to which one wants an answer is: What degree of in- 
breeding was involved in the production of this particular 
animal? 

2. It is therefore necessary practically to start with the 
individual and work backwards into the ancestry in meas- 
uring inbreeding, rather than to start back in the ancestry 
and work down towards the individual. 

3. In the genetic passage from the n+ 1th generation 
to the th, or in other words the contribution of the 
matings of the n + 1th generation to the total amount of 
inbreeding involved in the production of an individual, 
the degree of inbreeding involved will be measured by the 
expression 

100(pr41 Qn+1) 
(iii) 

Pn+1 
where p»,., denotes the maximum possible number of dif- 
ferent individuals involved in the matings of the n+ 1 
generation,p»., the actual number of different individuals 
involved in these matings. Z» may be called a coefficient 
of inbreeding. If the value of Z for successive genera- 
tions in the ancestral series be plotted to the generation 
numbers as a base, the points so obtained will form a 
curve which may be designated as the curve of inbreeding. 

It will be noted that the coefficient of inbreeding Z is 
the percentage of the difference between the maximum 
possible number of ancestors in a given generation, and 
the actual number realized, in the former. The coefficient 
may have any value between 0 and 100. When there is no 
breeding of relatives whatever (that is, in the entire 
absence of inbreeding) its value for each generation is 0. 
As the intensity of the inbreeding increases the value of 
the coefficient rises. 

4. The above measure of inbreeding has to do primarily 
with the relationship aspect of the problem. The theo- 
retical bearings of this fact will be discussed in a later 
section. 
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5. Since the only possible infallible criterion of rela- 
tionship between individuals is common ancestry in some 
earlier generation, we are led to the practical rule, in 
measuring the degree of inbreeding in a pedigree, to re- 
gard all different individuals as entirely unrelated until 
the contrary is proved by the finding of a common ances- 
tor. This no doubt appears at this stage of the discus- 
sion as an exceedingly obvious truism. The reader is 
urged to accept it as such, and hold fast to it, because it 
will help him over some apparent paradoxes later. 

The method of calculating coefficients of inbreeding, 
and their real significance will be made much clearer by 
the consideration of illustrative examples of their appli- 
cation. To these we may therefore turn. 


THe CALCULATION OF COEFFICIENTS OF INBREEDING 


We may first consider some simple hypothetical pedi- 
grees, before attacking the more complicated ones actu- 
ally realized in stock-breeding. 

Illustration I. Continued Brother « Sister Breeding 

Let us begin with the most extreme type of inbreeding 
possible, namely the mating of brother with sister for a 
series of generations. Pedigree Table III gives the pedi- 
gree of an individual so bred. 


PEDIGREE TABLE III. (Hypothetical) 
To Illustrate the Breeding of Brother X Sister, out of Brother X Sister, 
Continued for a Series of Generations 


a 


Te FS FS FCO 


a 


to 
wn 


Ancestral Generation 1 


| 
\d 
| 
| | 
lb 
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Let us now proceed to the calculation of the coefficients 
of inbreeding Z,, Z,, Z, and Z,. For Z, we have 


p==2, 
whence 
100(0 
Zo = — = 0 
In the same way 
7, = 1004 2) 
4 
100(8 — 2). 
Zs — 8 = (0. 
0(16 — 2 
16 


These results may be expressed verbally in the follow- 
ing way: In the last two ancestral generations x is 50 per 
cent. inbred; in the last three generations it is 75 per cent. 
inbred; and in the last four generations it is 87.5 per cent. 
inbred. 

This pedigree table and the constants will repay 
further consideration, since the case is a limiting one. 
With the table at hand it is possible to grasp a little more 
clearly the precise meaning of the coefficients of inbreed- 
ing. Thus it is seen that what the value of 7,—850 really 
signifies is that because the individuals a and b were 
brother and sister the number of different ancestors 
which « can possibly have in any ancestral generation can 
not be more than 50 per cent. of the total number theo- 
retically possible for the generation. That is, x’s sire 
and dam having been brother and sister means that x can 
not have had more than 2,048 different great-great-great- 
ereat-great-great-great-great-great-grandparents, instead 
of the possible 4,096. He may have had fewer than 2,048, 
but 7Z,—50 tells us that he could not have had more. 
Similarly 7,—75 indicates that since c and d, the grand- 
sire and grand-dam of x were brother and sister, # can 
not have in any ancestral generation more than 25 per 
cent. of the theoretically possible number of ancestors for 
that generation. And so on for the other values of Z. 


No. 562] THE PROBLEM OF INBREEDING 587 


In the limiting case of the closest inbreeding possible 
the successive Z’s will have the values given in the fol- 


lowing table. 
TABLE I 


VALUES OF THE SUCCESSIVE COEFFICIENTS OF INBREEDING (Z) TO Z,;) IN THE 
CASE OF THE Most INTENSE INBREEDING POSSIBLE (BROTHER X 


Coefficient of In- | Numerical Value of Coeffi- 


breeding Included | 
Zo 1 0 
2 50 
22 3 75 
Ls 4 7.5 
Zs 5 93.75 
Zs 6 96.8756 
Ze j 98.4375 
Zi . | 99.21875 
9 | 99.609375 
Zs 10 99.8046875 
Zw 11 99.90234375 
Zu 12 99.951171875 
Z12 13 99.9755859375 
Z13 14 99.98779296875 
Zu 15 99.993896484375 
16 99.9969482421875 


From this table it is apparent that while the narrowing 
or exclusion of the possible different source lines of 
descent proceeds very rapidly in the first few generations 
of brother x sister breeding, only relatively little change 
is made by further generations of this sort of breeding. 
Thus in seven generations of brother x sister breeding 
all but about 1.5 per cent. of the potentially different an- 
cestral ‘‘blood-lines’’ will have been eliminated. After 
16 generations of this sort of breeding (a number easily 
attainable in ordinary breeding experiments) an indi- 
vidual so bred can by no chance possess more than 3/1000 
of one per cent. of the different lines of ancestral descent 
which are theoretically possible. This table strongly sug- 
gests that if, in an experiment to test the influence of in- 
breeding, no particular effect is observed during ten gene- 

° There is, of course, no further point in the retention of all the decimals 
in these coefficients than to make plain the law of their formation. In the 
case of maximum inbreeding here illustrated, the Z’s are the successive 
terms of a series in which any term is equal to the preceding term plus one 


half the difference between the preceding term and 100, or in which the 
successive differences are halved. 


| SISTER OUT OF BROTHER X SISTER CONTINUED) 
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rations of brother x sister breeding, it is extremely im- 
probable that any effect will be produced by a further 
continuation of the same method.of breeding. If an 
apparent effect should suddenly appear some time later 
than the tenth generation the case would need the most 
eritical scrutiny, to determine whether the observed effect 
had really been due to the inbreeding, rather than to some 
other unsuspected cause. 


| 
K 
jf 
So | 
/ 
20 
/ 
0 
2 /4 


GENERA TIONS 

Fic. 1. Curves of inbreeding, showing (a) the limiting case of continued 
brother x sister breeding, wherein the successive coefficients of inbreeding have 
the maximum values; (b) continued parent x offspring mating; and (c) continued 
first-cousin x first-cousin mating. 

The values of the Z’s in Table I are maxima: No par- 
ticular coefficient of inbreeding can have a higher value 
than that given in the table. It is not possible, for ex- 
ample, so to breed any animal (having an obligate 
bisexual type of reproduction) that its pedigree on analy- 
sis will give Z, > 87.5. If, therefore, the coefficients of 
Table I are plotted the result will be the maximum limit- 
ing curve of inbreeding. This curve is shown in Fig. 1. 

In all actually realized pedigrees except those in which 
there has been continued brother x sister breeding the 
curve of inbreeding found will lie wholly or in part below 
the maximum curve shown in Fig. 1. 
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Illustration II. Parent X Offspring Breeding 
The next illustration of the application of coefficients 
of inbreeding will be the general case of back-crossing, 
that is, the mating of parent < offspring. Such a case is 
illustrated in the hypothetical pedigree Table IV. 


PEDIGREE TABLE IV. (Hypothetical) 
To Illustrate the Breeding of Parent X Offspring 


d | \n 
| | f 
| 
fa | | | 
| | 
e | li {d 
y | 
(a {4 
(fo 4 
| 
b | 
k 
2 | 3 4 


Generation Number | 1 


Here it will be seen that b, the dam of y, is a daughter 
of a, who is also the sire of y and that in each preceding 
generation every daughter is bred back to her sire. Pro- 
ceeding as before to calculate the coefficients of inbreed- 
ing we have, first, 

10072 — 2) 


Lo 0. 

In forming the expression for Z, we are met by the fact 
in determining gn., for generation 2 that the individual a 
has already appeared once and been counted as a ‘‘differ- 
ent’’ ancestor in generation 1. Therefore it will not be 
counted a second time in generation 2, and we have 


100(4 — 3 

7, = _ 
and by the same process, 

100(8 — 4 

00( ) _ 59, 
8 

100(16 — 3 


16 
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100(32 — 6 
= 6) = 81.25, 


Zs 
and so forth. 

The values of the successive coefficients for parent * 
offspring breeding for 16 ancestral generations are given 
in Table IT. 

TABLE ILI 
VALUES OF THE SUCCESSIVE COEFFICIENTS OF INBREEDING IN THE CASE OF 
CONTINUED PARENT X OFFSPRING MATING 


Coefficient of Inbreeding of Coef- 

Zo 1 0 

21 2 25 

Z2 3 50 

4 68.75 
Zs 5 $1.25 
Z 6 89.06 
Zs ai 93.75 
Zi 8 96.48 
Zs 9 98.05 
Zs 10 98.93 
Z10 99.41 
Zu 12 99.68 
Zi. 13 99.83 
14 99.91 
Zi4 15 | 99.95 
Z15 16 99.97 


By comparison of this table with Table I it is evident 
that while the increase in intensity of inbreeding is not 
so rapid in the first few ancestral generations by this 
parent < offspring type of breeding as with the brother 
x sister type, by the time the tenth ancestral generation 
is reached the values are for practical purposes the same. 

The curve of inbreeding for continued parent x off- 
spring breeding is shown in Fig. 1. 


Illustration IIT. First-Cousin First-Cousin Breeding 

As a third illustration may be taken the case of con- 
tinued cousin mating. Such breeding represents the next 
step in decreasing intensity of inbreeding beyond the 
parent < offspring type. 

In this pedigree it will be seen that in each mating the 
sires of the individuals bred together are brothers. In 
other words, each individual is mated with its first- 
cousin. 
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PEDIGREE TABLE V. (Hypothetical) 
To Illustrate the Continued Breeding of First-Cousin X First-Cousin 


By 
( ~ 
{9 
| n ‘ 
} 
{ 0 
5 
\ Pp 6 
a 
(i 3 
| 8 
e | ; 1 
2 
J } {9 
A J 10 
} 12 
(d | 1 
| | 2 
| | | 
1 
| m > 
| 15 
| 16 
| 
17 
18 


Generation Number 1 2 3 4 f 

The values of the successive coefficients of inbre@ding 
for this ease are given in Table III. The ecaleulation of 
these is carried out in accordance with the same principles 
as have been illustrated in the previous cases. We have 


100(2 — 2) 


and 
100(4 — 4 
) 


since in generations 1 and 2 there are two and four differ- 
ent ancestors respectively. 

100(8 — 6) 
8 


= 25, 


‘Owing to the limitation of the alphabet resort is had to numbers to 
designate individuals in this generation. 
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since in generation 3 the two individuals g and h each ap- 
pear twice, and by our rule any ancestor is only counted 
once. 
100(16 — 10) 
Z; = 37.5, 
3 16 ’ 
since in generation 4 the individuals m and n appear four 
times and are only counted as different ancestors once 


each. 
TABLE III 
VALUES OF THE SUCCESSIVE COEFFICIENTS OF INBREEDING IN THE CASE OF 
CONTINUED FIRST-COUSIN X FIRST-COUSIN MATING 


Coefficient of Inbreeding | Numerical of Coeffi- 
Zo if | 0 
Zi 2 | 0 
Z2 3 25 
Zs 4 37.5 
Zs 5 43.75 
6 46.88 
Zs 48.44 
Z; 8 49.22 
Zs 9 49.61 
Zs 10 | 49.80 
49.90 
Zu 12 | 49.95 
Zi2 13 49.98 
Zi3 | 14 49.988 
Zi | 15 49.994 
Zis 16 49.9969 


It will be seen from this table that the upper limit of 
intensity of inbreeding approached by continued cousin 
matings is 50 per cent. In general, cousin mating is one 
half as intense a form of inbreeding as brother X sister 
mating, with a lag of one generation behind. That is Z, 
for cousin matings is one half as large as Z, (not Z,) for 
brother X sister matings. 

The curve of inbreeding for cousin matings is given in 
Fig. 1. 


Illustration IV. The Pedigree of the Thoroughbred 
Horse, Postumus 


Leaving now the hypothetical cases we may consider 
some actually realized pedigrees, and measure the degree 
of inbreeding exhibited. I have chosen as a first case of 
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this sort a very simple one in which there is little inbreed- 
ing. This is the pedigree for five ancestral generations 
of the thoroughbred horse, Postuwmus. This pedigree is 
given by Bunsovw,' and is here reproduced without change 
of arrangement, although the plan used of placing the 
dam above ‘the sire instead of below is contrary to the 
general American and continental usage. 


PEDIGREE TABLE VI 
Showing the Breeding of Postumus 


Tom 
XMrs. Ridgway 
| XVoltigeur 
{ Isolene 


( Maid of Wye 
| XVedette 


( Isola Bella 


Pontillon 


Stockwell 
8 Sterling { Whisper 
Sunbeam 
Napoli > 
| Jocose 
| J Sweetmeat 
| Elleen Horne 
[ Rouge Rose Thormanby 
Bend Or : —, 
= | Marigold 
Doncaster Stockwell 
? L 
acerta 
{ Little Fairie 
| Margaret 
Ton 
{ Marpena 
s|| { Pocahontas 
| Glencoé 
{ Fanny Dawson filly 
{ Velocipede’s dam 
| Flying Duchess ; | Voltair 
| Flying Dutchman ¢ Barbelle 
| & \ Boy Middleton 
| Nan Darell 
Oo | | Mrs. Ridgway | Birdeatcher 
Vedette ? 
Martha Lynn 
: XVoltaire 
Gen. No. 1 | 2 3 4 5 


In this pedigree every animal that has already ap- 
peared in a lower ancestral generation is marked with an 
‘*X,’’ indicating that it is to be ‘‘counted out,’’ that is, 
can not be regarded again as a different ancestor. 

We then have for the successive coefficients of inbreed- 
ing the following values: 


*Bunsow, R., ‘Inheritance in Race Horses,’’ Mendel Jcurnal, Vol. I, 
pp. 74-93, 1911. 
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Zo = 0, 
100(4 — 4) 
4 => = (0, 
Ly 
100(8 — 8) 
100(16 — 15 
16 
100(32 — 27 
= 15.625. 


From these results it is possible to make a precise 
statement as to how much Postumus was inbred. In the 
five ancestral generations, to which the pedigree extends, 
he was inbred to an extent (15.6 per cent.) which repre- 
sents approximately three fifths of the intensity of in- 
breeding involved in once mating first cousins. In other 
words, if in the first ancestral generation, a mating of 
first cousins had oeeurred, and there had heen no other 
mating of relatives whatever, Postumus would in that 
event have been nearly twice as much inbred as he actu- 
ally was. 

In the first three ancestral generations Postumus was 
not at all inbred, and in the first four only 6.25 per cent., 
an intensity equal to about one fourth of that involved in 
once mating parent X offspring. 

These figures are definite pedigree constants for the 
horse Postumus, which are directly comparable with 
similar constants for other animals. 


Illustration V. The Pedigree of the Brown Swiss 
Bull, Saxton (2668) 

We may next consider a more complex case, in which 
the intensity of inbreeding is greater, and in which the 
‘aleulation of the coefficients is not so simple a matter be- 
cause of the length of the pedigree. On this account the 
method of computation will be illustrated in detail. As 
before the ‘‘X’’ with an animal’s name indicates that it 
has appeared at least once before in the lower ancestral 
generations and can not therefore be counted again. The 
pedigree of Saxton, a bull of the Brown-Swiss breed of 
eattle, is given as Pedigree Tables VII-XVI. 
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PEDIGREE TABLE VIII—Continuation of VII 


= 
Gold Dust x 
| XBrunnen 
Jethro f 
xFrederick Schiller | { 
Hannah | XAlbert Tell (Imp.) 
\ XFrances Geneva (Imp.) 
| 
Gen 
PEDIGREE TABLE IX—Continuation of VII 
| (x — 
| (* Marshall Jewell x 
| XMuotta x 
Ivy 1] Alb 
{ @ Albert Tell (Imp.) 
bas { Dav id G. Tell | © Geneva (imp.) 
aaa | © Minnie { xWm. Tell (Imp.) 
\ XGretchen (Imp.) 
Gen. | 
; No. | 7 8 9 
PEDIGREE TABLE X—Continuation of VII 
| 
| XAlbert Tell 
| 3 @ Increase Tell rx 
| XBrinlie (Imported) x 
f x<Wm. Tell (Imp.) 
Josi Wm. Tell, Jr. | XZurich (Imp.) 
| Myr: { @ Wm. Tell (Imp.) 
a | _ Myra | @ Geneva (Imp.) 
Wm. Tell 4 
Lissa (Imported) i 4 
| Robert Tell { XBrinlie (Imp.) 
Cowship | | Estelle | { @ Wm. Tell (Imp.) 
| \ | @ Lissa (Imp.) 
Gen. 
_ No. 7 8 | 9 10 


In dealing with this pedigree it will be assumed, in the 
absence of information on the point and the impossibility 
of acquiring any, that any imported animal was not in- 
bred to any degree whatsoever. This is probably not 
often strictly true, but, on the other hand, some assump- 
tion must be made, and this puts all individuals on an 
equal footing. It is in accord with the principle laid down 
earlier (p. 585) that in pedigree analysis all individuals 


| 
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PEDIGREE TABLE XI—Continuation of VII 


(x — 
(@ Albert Tell 
= {x — 
George x \ x 
( xWm. Tell 
= 4 
( xWm. Tell 
Wm. Tell, Jr. 
| XZurich (Imp.) ¢ 
Metta 
| Robert Tell x Wm. Teil (Imp.) 
Daffodil \ x Brinlie (Imp.) 
Estelle xWm. Tell (Imp.) 
| Lissa (Imp.) 
Gen. 
No. vf 8 9 10 


PEDIGREE TABLE XII—Continuation of VII 


Increase | { @ Albert Tell (Imp.) | 
Tell | \ Brinlie (Imp.) | 


Gen. No. 7 8 | 9 7 


PEDIGREE TABLE XI[I—Continuation of VIL 


| (@ Wm. Tell 
{ Henry Clark Tell Verona 
| | (Imported in dam) @ Brinlie Imp. 
ester | ( x 
| | Minnie 
@ Gretchen \ 
Gen. No. | 7 8 | 9 


must be considered to be unrelated until the contrary is 
proven by the evidence of their ancestry. After all, the 
only thing we ean possibly measure is the inbreeding 
shown in the recorded pedigree. All that has happened 
prior to the beginning of the record must be a matter of 
assumption. The same assumption should, however, be 
made for all cases. What this assumption really means 
practically is that, in all cases of analysis of actual pedi- 
grees, which are bound after a time to come to an end, the 
values of the coefficients of inbreeding obtained are lower 
limiting values. They signify that the intensity of in- 
breeding in a particular case could not have been less 
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PEDIGREE TABLE XVI—Continuation of VII 


| (@ Wm. Tell 
| Wn. Tell, Jr. 
Ethel 
{| Lucerne (Imp.) 
Gen. | 
No. 7 8 9 
PEDIGREE TABLE XV—Continuation of VII 
| Robert Tell x 
\ @ Brinlie 
( xWm. Tell 
| XGretchen \ 
Gen. | | 
No. | (ae 38 9 


than that indicated; it may have been more. Whether it 
was or not is not a question open to scientific determina- 
tion but only to speculation. Furthermore, of course, 
experimental breeding with ‘‘wild’’ animals is on exactly 
the same footing as herd-book work in regard to this 
poimt. Every experiment must begin somewhere with 
unknown stock. 

In the twelfth ancestral generation the theoretically 
possible number of different ancestors is 4,096. Ina rela- 
tively long pedigree like that of Saxton it would obviously 
be an extremely tedious business to determine the value of 
q by direct counting, as has been done in the preceding 
simpler illustrations. The calculation of the coefficients 
of inbreeding may be greatly simplified in the case of long 
pedigrees by a system of counting which makes the line 
of descent the unit rather than the individual. This sys- 
tem is used in the above pedigree. While each individual 
animal which is eliminated because of previous appear- 
ances in a lower ancestral generation is marked with an 
X, those at the apex of a line of descent are marked 
with a solid circle. These latter are all that need to be 
counted directly. Their elimination automatically elimi- 
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nates their own ancestors. Thus the bull Hamlet first 
appears in the third ancestral generation as the sire of 
Sheba. He next appears (here marked witha solid circle) 
in the fourth generation as the sire of Salome. He will, 
by the general rule for coefficients of inbreeding, not be 
counted as a ‘‘different’’ ancestor in the fourth genera- 
tion. But this automatically eliminates his two parents in 
the fifth ancestral generation, his four grandparents in 


TABLE IV 
WORKING TABLE USED IN CALCULATING THE COEFFICIENTS OF INBREEDING 
FOR PEDIGREE TABLE VII 


Ancestral Generation 


Animal 
4 5 6 7 8 9 10 | 11 12 
UE 8/16] 382 64 | 128 256 
1 2 4 8 16 32 64 128 
Muetta. 1 2 4 8 16 32 64 125 
1 2 4 8 16 32 64 
Mannah 2 4 8 16 32 64 
Bonaparte... 1 2 16 32 64 
1 2 4 8 16 32 
Marshall Jewell.......... | 1 2 4 8 16 32 
| 2 4 8 16 | 32 
1 | 2 4 8 16 32 
1 2 4 8 16 
Imerease’ Dell... 1 2 4 8 16 
Alert 1 2 4 8 16 
Min. 1 2 4 8 16 
1 2 4 8 16 
Wane 1 2 4 8 16 
2 4 8 16 
Abert Feil. 1 2 4 8 
1 2 4 8 
| | 1 2 4 8 
Robert | 1 2! 4 8 
| 1 2 4 8 
| 1 2 4 8 
| 1 2 4 8 
| | 1 2 4 


1 | 4 11 27/69) 148 300 | 600 1200 
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the sixth generation, and so on until in the twelfth genera- 
tion 256 ancestors of Hamlet will be so eliminated. The 
same consideration applies in every other like case. 

Practically then the method of dealing with a,pedigree 
of this sort is first to go through and indicate in a distine- 
tive way every primary® reappearance of individuals. 
Then form a table on the plan of Table IV, the character 
of which is so obvious as not to need detailed explanation. 

This table is to be read in the following way: Because 
of the reappearance of Hamlet in the fourth ancestral 
generation Saxton has 1 fewer ancestors in that genera- 
tion than he would have had in the entire absence of in- 
breeding; 2 fewer in the fifth generation and so on. The 
totals of the columns of this table are the values, for 
each generation, of 

Pur — 


in (ili). These totals, multiplied by 100, have then merely 
to be divided by p.., in order to obtain the successive Z’s. 
The whole operation may be very quickly carried out. It 
is not in fact necessary to fill out the whole of the later 
columns of the table, the entries may be cumulated. 

For the present pedigree we have 


Z as always,’° 


Z. ==0, 


Z., = 6.25 per cent., 
Z, =400/32 = 12.50, 
Z, =1,100/64— 17.19, 


Zo = 2,100/128 — 21.09, 


° By ‘‘primary’’ reappearance in the pedigree is meant a reappearance 
as the sire or dam of an individual which has not itself appeared before in 
the lower ancestral generations. Thus Wm. Tell makes a primary reappear- 
ance in the tenth ancestral generation as the sire of Myra, a cow which is 
not found in any generation below the ninth. 

The apparent paradox implied in the fact that Z, must always be zero, 
or, in other words, that in the first ancestral generation, considered alone, 
there is no inbreeding will be cleared up, if it strikes the reader as para- 
doxical, by a reconsideration of the general principle numbered 5 on p. 585. 
The point, of course, is that it is impossible to say whether the parents are 
or are not related to one another until something is known of their parentage, 
or, in other words, until a second ancestral generation is considered. 
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Z. —6,900/256 — 26.95, 
=14,800/512 — 28.91, 
Z, —=30,000/1,024— 29.30, 
Z 29.30, 

Z = 29.30. 


From these values it is seen that, so far as the ancestry 
is known the bull Saxton is 29.3 per cent. inbred. The 
curve of inbreeding, Fig. 2, shows that this intensity was 
gradually and steadily attained, by slight additional in- 
breeding in each generation. In the end (always within 
the limitation of the known ancestry) Saxton is some 4 
per cent. more closely inbred than he would have been 
had his dam been his sire’s daughter, without other in- 
breeding in the ancestry. In the first five ancestral gen- 
erations Saxton is less intensely inbred than Postumus. 


| | | 


& 


8 


COLL FICIENTS 


GENERATIONS 


Fic. 2. Curve of inbreeding of the bull Saxton. 


COEFFICIENTS OF INBREEDING AND THE GAMETIC CoNsTITU- 
TION OF THE INDIVIDUAL 

Up to this point the whole discussion has looked at the 
problem of inbreeding solely from the standpoint of the 
kinship of mated individuals. Nothing whatever has 
been said about the germinal make-up of the individuals. 
This method of treatment was not accidental, or due to 
any oversight of so important a phase of the problem, but 
was deliberately planned to bring out clearly that the 
development of the coefficient of inbreeding was quite 
independent of any theory of the mechanism of the hered- 
itary process. These coefficients measure a real and 
definite attribute of a pedigree. 


| = 
| 
| | | | 
) | | | | 
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But is the thing measured worth measuring? Does any 
significance attach to knowing how much an animal is 
inbred in the kinship sense? I think there is no doubt 
that every breeder of the larger domestic animals would 
answer this question in the affirmative. The question, 
however, demands careful consideration, because of the 
suggestion recently advanced that the effect of inbreed- 
ing, if there be any, depends entirely upon the nature of 
the combinations of hereditary units (genes) formed. 
Thus, for example, we have the suggestion of Bruce* to 
the effect that the vigor of the individual increases as the 
number of dominant elements in its hereditary make-up 
increases, while an increase of recessive elements con- 
notes a decrease in physiological vigor. A thorough and 
far-reaching discussion of the problem of the relation 
between the gametic constitution of the individual and its 
physiological characteristics is to be found in the very 
raluable paper by East and Hayes'? on heterozygosis. 
The most significant conclusions of that paper in the 
present connection are these :1° 

Stimulus to development is greater when certain, or possibly all, 
. characters are in the heterozygous condition than when they are in a 
homozygous condition. 

This stimulus to development is cumulative up to a limiting point and 
varies directly with the number of heterozygous factors in the organism, 
although it is recognized that some of the factors may have a more 
powerful action than others. 

These conclusions appear to be supported beyond any 
chance of doubt or question, for certain characters of 
plants subjected to self-fertilization, by the experimental 
evidence set forth in the paper. Inbreeding tends, accord- 
ing to these authors, to isolate homozygous strains 
‘‘which lack the physiological vigor due to heterozygosity. 
Decrease in vigor due to inbreeding lessens with decrease 
of heterozygosity and vanishes with the isolation of a 
completely homozygous strain. Moreover, these homo- 

1 Science, N. 8., Vol. 32, pp. 627-628, 1910. 

® Kast, E. M., and Hayes, H. K., ‘‘ Heterozygosis in Evolution and in 
Plant Breeding,’’?’ U. S. Dept. Agr., Bur. Plant Ind. Bulletin No. 243, 
pp. 1-58, 1912. 

3 Loc, cit., p. 8. 
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zygous strains can be quite different from each other in 
actual inherent vigor. . . . Thus we see the true explana- 
tion of the apparent degeneration that so many observers 
have attributed to inbreeding per se”’ (p. 37). 

As has been said the experimental data of East and 
Hayes are derived solely from the results of self-ferti- 
lizing plants. Self-fertilization is in one sense the closest 
of all possible forms of inbreeding (since qu.,;—=1), but it 
involves at least one difference in principle from the 
closest inbreeding which it is possible to accomplish in 
obligate bisexual forms. This difference is in the fact 
that while, on the one hand, if a population is subjected to 
self-fertilization generation after generation the propor- 
tionate number of pure homozygotes in the population 
automatically inereases,'t there is, on the other hand, 
absolutely no such automatic increase in the proportion 
of homozygotes necessarily following any other sort of 
inbreeding except self-fertilization, 

The proportion of homozygotes can only be increased 
during continued inbreeding other than by self-fertiliza- 
tion, if there is at the same time a continued selection 
(assortative mating) of gametically like individuals. 

While this point seems to have been quite generally 
overlooked the proof of these above statements is very 
simple, and anyone can work it out for himself. It follows, 
indeed, directly from Pearson’s' demonstration that the 
individuals of the segregating generation, if they breed 
at random inter se, will ‘‘econtinue to reproduce them- 
selves in the same proportion as a stable population.’’!® 
Pearson, at the conclusion of his analytical proof, says: 
‘Tt is thus clear that the apparent want of stability in a 
Mendelian population, the continued segregation and 
ultimate disappearance of the heterozygotes, is solely a 


* As has been shown incidentally by East and Hayes (loc. cit.), and in a 
very clear and detailed manner by Jennings (AMER. NAT., Vol. XLVI, pp. 
487-491, 1912). 

* Pearson, K., Phil. Trans. Roy. Soc. (A), Vol. 203, pp. 59 and 60, 1904. 

“G. H. Hardy (Science, N. S., Vol. XXVIII, pp. 49-50, 1908) has given 
a proof of this same point. Cf. also Spillman (ibid., Vol. XXVIIT, pp. 
252-254, 1908). 


No. 562 | THE PROBLEM OF INBREEDING 607 


result of self-fertilization;'* with random cross-fertiliza- 
tion there is no disappearance of any class whatever in 
the offspring of the hybrids, but each class continues to be 
reproduced in the same proportion.’’ This is exactly the 
point of distinction made above between self-fertilization 
and all other forms of inbreeding. 

The objection will at once be raised that inbreeding is 
not ‘‘random cross-fertilization.’’ But gametically it is, 
unless prevented from so being by some sort of associa- 
tive mating on a gametie basis. As I have shown in an 
earlier section the most general form of the concept of 
inbreeding possible is that of the diminished number of 
different actual ancestors in proportion to the maximum 
number possible. But surely the evxistence of relatively 
few ancestors in itself can involve no necessary implica- 
tion as to the gametie constitution of those ancestors, so 
far as concerns homozygosis or heterozygosis. 

Analvytically the proof is as follows: Let us start with 
the condition of complete heterozygosis, and consider 
what will be the result of the closest possible inbreeding 
(aside from self-fertilization), namely the continued 
breeding of brother X sister, in a population all the indi- 
viduals of which are heterozygous with reference to one 
alternative character pair A and a, these characters 
being, by hypothesis, not sex-linked. All the individuals 
will then have the constitution da. This will be true of 
all males and all females whether thev stand in the rela- 
tion to each other of brother and sister or not. Let all 
matings be of the brother x sister type. The offspring 
of the next generation will be in no wise affected by this 
fact, of course, but only by the constitution of the indi- 
viduals mated. We shall then have the population of 
male progeny constituted as follows: 


AA 


Aa= | males. 


aa | 

The population of female progeny will evidently exhibit 
exactly the same distribution, namely 
™ My italies, R. P. 
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AA 

AaX Aa= Aa females. 
aA 
aa 

Now since the above expressions give not only the 
probable distributions of the characters in the whole 
progeny population, but also the probable distribution of 
these characters within any single family, it necessarily 
implies that the constitution of the sister of any male is 
equally likely to be any one of the four possible combina- 
tions. Or, in other words, 

The constitution of any particular sister of any partic- 
ular 4A J is equally likely to be either 4A, or Aa, or 
aad, or aa. 

The constitution of any particular sister of any partic- 
ular Aa (or aA) J is equally likely to be either 44, 
or Aa, or aA, or aa. 

The constitution of any particular sister of any partic- 
ular aa & is equally likely to be either 44, or Aa, or 
aA, or aa. 

This clearly means that the progeny of the next gen- 
eration produced, by hypothesis, from the mating of 
brothers X sisters of this generation will be gametically 
such a progeny as it produced by mating at random a 
male population of the constitution 

AA+2Aa+aa 
with a female population of the same constitution, namely 
AA + 2da+aa. 
But, as Pearson's first showed, this results in a progeny 
1644 + 32da-+ 16aa. 
There is no increase in the proportion of homozygotes, 
which was the point to be proved. Of course the same 
reasoning obtains in regard to the next and any number 
of other generations. In other words the proof is general 
and complete that no increase of the proportion of homo- 
cygotes in the population follows inbreeding save under 
one or the other of two special conditions, viz. 


8% Loc. cit. 
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(a) Continued self-fertilization. 

(b) Some form of gametic assortative mating which 
increases the natural probability of like gametes uniting 
to form zygotes. ; 

Really, of course, (a) is only one special form of (b). 
Not only is self-fertilization the closest sort of inbreeding 
possible when conceived in the sense of the idea of in- 
breeding defined and developed in this paper, but also it 
is necessarily the most extreme form of homogamy pos- 
sible. No other kind of inbreeding is necessarily homo- 
gamic. It of course may be, and in actual practise very 
often is homogamic, but to make it so selection of some 
sort is necessary. 

The above proofs deal with but one character pair, A, a. 
By induction the proof could be extended to any number 
of such pairs. There is a point which needs to be kept in 
mind here, however. This is that the whole reasoning 
applies only to such genetic differences as are left in the 
strain after the operation of inbreeding. As will be 
shown presently the number of original genetic differ- 
ences in a stock is reduced by inbreeding in a manner 
which is precisely measured by the coefficients here 
proposed.'® But there is no tendency for continued in- 
breeding to increase, the proportion of homozygotes, 
with respect to those characters in regard to which 
there are genetic differences left after any partic- 
ular inbreeding operation. Further it should be under- 
stood that the elimination of genetic differences from a 
strain is not through homozygosis, but by the dropping 
out entirely from the network of descent of individuals 
which potentially may bear such differences. 

The above discussion makes it evident that there is a 
fundamental distinction between inbreeding in general 
and the special case of self-fertilization. Before leaving 
this phase of the matter it seems desirable to discuss in 
a little more detail certain terminological usages of 
workers in the field of plant breeding together with their 


See p. 612 infra. 
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implications.?° The custom has grown up (notably in the 
work of Shull and East) of using the term ‘‘inbreeding”’ 
when self-fertilization is really meant. I think it would 
be difficult, in view of the considerations already set forth 
in detail, to justify this usage on general grounds. In 
any event it is clear that when the term inbreeding is 
used in the sense of self-fertilization it is not used in its 
ordinary sense. The plant-breeder rarely carries out a 
mating which is strictly comparable with the matings 
which the animal breeder makes when he inbreeds. The 
closest inbreeding possible with animals is the continued 
mating of brother and sister. How often does the plant- 
breeder make a mating which is objectively exactly this? 
It is assumed, specifically and implicitly, by the plant- 
breeder that his method of inbreeding by self-fertilization 
is equivalent to methods of inbreeding practised in 
animals. On the basis of that assumption he compares 
the results in the two cases. Can such a comparison be 
regarded as a strictly just one, until it has in fact been 
proven to be so by concrete evidence? I think it can not, 
because it rests on an assumption which is not only un- 
proven, but which, as I have endeavored to show, is con- 
trary to fact. 

On just this ground, it seems to me, the section of the 
paper of East and Hayes devoted to an ‘‘Extension of 
the Conclusions to the Animal Kingdom”’ is weakened. 
From this section I have been unable to understand 
precisely what the concept in the minds of these authors 
as to inbreeding in animals really is. They nowhere 
sharply define their concept of inbreeding. Throughout 
the portion of the paper dealing with plants it appears 

” In taking the paper of East and Hayes as the text for the following 
discussion there is not the slightest implication of a desire to criticize that 
most excellent piece of work in general. In the writer’s opinion it must be 
regarded as the most fundamental and enlightening investigation on one 
particular phase of the problem of inbreeding which has yet appeared. 
Upon the experimental work and so much of the conclusions as directly 
relate to the actual experiments I have no criticism whatever to make. 
The only point in regard to which the paper seems to me possibly open to 


criticism is the treatment of the problem of inbreeding in animals. Even 
here it is possible that I have not correctly understood the authors’ position, 
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clearly enough that practically they make inbreeding syn- 
onymous with self-fertilization. But here it is not so 
clear. The discussion in the first two paragraphs on p. 41 
of the paper seem to me to indicate that in animals East 
and Hayes would make homozygosity the criterion of 
inbreeding. Thus they say: 

But let us confine the discussion to the lower animals. If this is 
done there are two things to consider, the closeness of matings and their 
result. The statement is often made that self-fertilization in plants is a 
much closer sexual relationship than ean obtain in bisexual animals. 
With a germ-to-germ transmission conception of heredity it is doubtful 
if this is true. Thus it is perfectly clear that it is not kinship of the 
organisms furnishing the sex cells that determines the closeness of the 
mating, but the similarity of the constitution of the cells themselves. 

On this account the statement must be made very emphatic that in- 
vestigations such as studies of cousin marriages in the human race 
amount to nothing. <A cousin marriage may be a wide cross, it may be 
very narrow. 

But surely to make homozygosity, either of mated indi- 
viduals or of progeny, a criterion of inbreeding is an un- 
tenable position. It is the easiest of matters to do either 
of the following things: 

(a) To produce homozygous offspring from the mating 
of heterozygous parents (one half of all the offspring of 
such parents will be homozygous). 

(b) To produce heterozygous offspring from the con- 
tinued mating of brother X sister. 

(c) To produce homozygous offspring in any numbers, 
indeed to found and perpetuate a strain purely homo- 
zygous with reference to any desired character or char- 
acters, without ever mating together even distantly 
related individuals, not to mention brother and sister. 

If all of these things are possible, as they certainly are, 
what becomes of any attempt to make homozygosity a 
eriterion of inbreeding? All effects hitherto attributed 
to inbreeding may conceivably be due to homozygosity. 
Iam sure, however, that even East and Hayes themselves 
would not contend that this had been proven experi- 
mentally for animals. But even granting this to be so it 


but if so no harm will be done by a further clarifying discussion of so 
important a problem. 
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would not mean that the mating of brother and sister was 
not inbreeding, or that it was the equivalent of self- 
fertilization. 

The position of East and Hayes, as indicated in the 
quotations given, seems to me to amount to a proposition 
to throw away entirely as meaningless all kinship ele- 
ments in genetic descent. Is this not a bit premature? 
It is true that ‘‘a cousin marriage may be a wide cross, 
it may be very narrow.’’ But does this fact justify from 
the standpoint of experimental science, and in the present 
state of knowledge, the generalization of the preceding 
sentence: ‘‘the statement must be made very emphatic 
that investigations such as studies of cousin marriages 
in the human race amount to nothing?’’ Is not the real 
task of science here to investigate and compare cousin 
marriages which are wide crosses and cousin mar- 
riages which are narrow ones? Jn other words, there 
would appear to be two variables here, not one. I can 
not regard the results of Kast and Hayes, important as 
they are, as justifying the closure of a field of experi- 
mental science in which as yet very little has been done. 

Returning now to the main problem it may be inquired: 
What, if any, is the relation of the coefficients of inbreed- 
ing to zygotie constitution? Do the coefficients tell us © 
anything regarding this matter? A little consideration 
shows that they do. The successive coefficients of in- 
breeding indicate the rate and degree to which the pos. 
sible number of different heredity unit factors present in 
the ancestry is subsequently reduced as a result of in- 
breeding. They give no indication, as has already ap- 
peared, of the condition in which the remaining factors 
are present (7. e., whether in homozygous or heterozygous 
condition). The meaning here will be clear if a concrete 
example is considered. When one brother and sister 
mating is made 50 per cent. of the maximum possible 
number of different ancestors is eliminated. It is at least 
readily conceivable, if indeed it can not be said to be 
highly probable, that no two individuals among higher 
animals and plants are exactly alike in zygotic constitu- 
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tion when all hereditary characters are taken into account. 
This means, in last analysis, that each individual must 
differ from every other by at least one unit factor, pos- 
sibly more. Once mating of brother and sister will dimin- 
ish the number of such differences by 50 per cent. from 
what it would have been had no such mating occurred. 
The number of homozygous individuals with respect to 
the hereditary differences remaining, however, will not 
increase. This is practically equivalent to saying that 
while self-fertilization increases the proportion of indi- 
viduals homozygous with reference to all characters, the 
closest inbreeding other than self-fertilization, if con- 
tinued, increases the proportion of characters with 
respect to which all individuals are homozygous. Then 
while both processes tend towards uniformity in the 
progeny, it is a different kind of uniformity obtained in 
a different way, in the one case from what it is in the 
other. 

While in the above discussion only brother x sister 
mating is mentioned it is clear that the same reasoning 
applies regarding the meaning of the coefficients of in- 
breeding in all other types of mating. 

There are other theoretical relations of inbreeding 
coefficients which are of interest, but to discuss them in 
detail here would take us altogether too far afield in the 
analytical side of determinantal inheritance theories. 


Conctupinc REMARKS 

In this paper has been presented a general method of 
measuring the intensity or degree of the inbreeding prac- 
tised in any particular case. The method proposed is 
shown to be perfectly general. It is based on no assump- 
tion whatever as to the nature of the hereditary process. 
On the contrary, it is founded on the most completely 
logical and comprehensive definition of the concept of 
inbreeding that it seems possible to formulate. This is, 
in simplest form, that the fundamental objective crite- 
rion which distinguishes an inbred individual from one 
not inbred is that the former has fewer different ancestors 
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than the latter. It is believed that the proposed coeffi- 
cients of inbreeding may be made extremely useful in 
studies of the problem of the effect of inbreeding, whether 
in relation to its purely theoretical aspects, or in the prac- 
tical fields of stock-breeding and eugenics. In discussing 
the relation of the proposed coefficients of inbreeding to 
the zygotic constitution of individuals it is shown that the 
common assumption, that (a) self-fertilization, and (b) 
the closest inbreeding possible with obligate bisexual 
organisms (brother x sister breeding), are equivalent 
processes, is not well founded in fact. The automatic 
increase of the proportion of homozygotes which neces- 
sarily follows continued self-fertilization does not neces- 
sarily follow inbreeding of any other sort. Inbreeding 
of any other type than self-fertilization, unless accom- 
panied by selection, does not change the proportion of 
homozygotes and heterozygotes (with reference to any 
possible genetic differences) in the progeny populations. 
Inbreeding reduces the number of different hereditary 
factors in the stock. 


= 
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THE INHERITANCE OF COAT COLOR IN HORSES 


PROFESSOR W. ANDERSON 


Kentucky WESLEYAN COLLEGE, WINCHESTER, Ky. 


In May, 1912, I published a paper on ‘‘ The Inheritance 
of Coat Color in Horses.’’ It was based on a study of the 
American saddle horse. I knew at the time of my investi- 
gation that A. H. Sturtevant, of Columbia University, 
N. Y., had in the hands of the printer a manuscript which 
gave a summary of all papers published to date on the 
subject. It was my agreement with him, made at Cold 
Spring Harbor, N. Y., in 1911, that when his paper was 
published I was to draw on its material for another sum- 
mary of the problem involved. Sturtevant’s paper, ‘‘A 
Critical Examination of Recent Studies on Colour In- 
heritance in Horses,’’ was published in the Journal of 
Genetics, Vol. II, No. 1, Cambridge, England. 

Sturtevant had published, August, 1910, in the Bio- 
logical Bulletin, his study of the ‘‘Inheritance of Color 
in the American Harness Horse.’’ Hurst, of England, 
had based his conclusions on a study of the English 
thoroughbreds. Wilson had tabulated the color of the 
Shire, Clydesdale and thoroughbreds; while Harper had 
given his attention to the French percherons. To these 
five breeds I am now able to add the records of the saddle 
horse. It is my purpose to combine the figures and draw 
some conclusions from them. 

My apology, if one be necessary, for devoting so much 
time to the color of the horse is, that this is only a part 
of a larger study, the determination of the unit charac- 
ters of the horse. I hold that we can make poor progress 
in this larger work until we have solved the most obvious 
ones of these characters. If there is a law governing the 
transmission of color, may we not infer that a law of 
somewhat like nature will govern the transmission of the 
more essential qualities of the horse? If it can be proved 

615 


4 


616 THE AMERICAN NATURALIST  [Vou. XLVII 


that colors are unit characters and their inheritance 
obeys the Mendelian Law of dominants and recessives, I 
believe one very important step will have been taken to 
solve the whole problem of breeding horses. 

This problem of breeding horses is a very large one. 
No other animal is quite so valuable as the horse. Im- 
mense sums of money are invested in farms and studs 
for his production. The value of the horses themselves 
mount up to over a thousand million of dollars. In num- 
ber the horses in this country are over twenty million. 
The large farmers may have automobiles, engines and 
other mechanical devices, but they have horses and use 
them in large quantities. The small farmer’s most valu- 
able possession is the faithful family horse. Yet, how 
little is known about the scientific breeding of this valu- 
able animal. Hogs and cattle we are producing to order, 
but the production of the horse is still a haphazard busi- 
ness. I believe that any effort that will aid the breeder 
in producing better horses will be an effort well spent. 

In going through the American Saddle-Horse Register 
I secured the color in 3,913 matings, which involved the 
color of 11,739 horses. To these numbers I am now able 
to add from Sturtevant’s tables 8,464 matings, giving a 
total of 12,377 matings or the color of 37,131 horses. 
This number is sufficiently large, it seems to me, to enable 
proper deductions to be drawn, unless it is in the case of 
the rare colors. 

The tabulated matings and the resulting foals are: 


Chestnut X Chestnut 
Breed Chest nut Black | Brown Bay Authority 
Thoroughbred...... 1095 | 9 (bay or brown) Hurst 
44 |! 1 1 5 Wilson 
69 0 0 0 Sturtevant 
1432 | 16 not chestnut 
99% 1% | | 
Chestnut X Black 
52 | | 98 | Anderson 


| 32% | 22% 6% | 40% 
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Chestnut X Brown 
| 44 24 23 102 Anderson 
24% 12% 12% 52% 
Chestnut X Bay 
318 36 27 536 Anderson 
34% 4% | 38% 59% 
Black X Black 
Percheron......... 0 49 2 not black Harper 
2 39 Oo | 3 Wilson 
Clydesdale........| 0 36 2 0 Wilson 
0 2 34 4 2 Sturtevant 
Saddle............ 5 114 4 0 Anderson 
9 272 12 5 
Black X Brown 
Thoroughbred. .... | 0 8 20 | 12 | Wilson 
Clydesdale........ | 5 61 106 34 Wilson 
1 11 9 5 Sturtevant 
Saddle............ 6 69 38 40 Anderson 
12 188 | 209 | 110 
2% 85% | 42% 21% 
Black X Bay 
Thoroughbred..... | 14 ie «| 27 33 Wilson 
19 39 43 125 Wilson 
Clydesdale......... 7 40 67 104 Wilson 
7 16 31 48 Sturtevant 
54 141 77 261 Anderson 
101 237 | 245 571 
9% | 22% | 21% | 48% 7 
Brown X Brown 
Breed | Chestnut | Black | Trews aa 
Thoroughbred...... 1l 6 114. | 78 Wilson 
2 7 27 20 Wilson 
Clydesdale........ | 32 165 34 Wilson 
0 | 5 7 | Sturtevant 
Saddle............ | | 12 19 14. Anderson 
13. 62 332 153 
2% | 11% 59% 28% 
Bay XBrown 
Thoroughbred..... 123 10 365 744 Wilson 
Shite | 23 56 133 Wilson 
Clydesdale........ 5 25 254 206 Wilson 
| 8 9 31 81 Sturtevant 
Saddle........ 25 85 223 __ Anderson 
| 166 114 791 1387 
7% 5% 


‘ 
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Bay XBay 


Thoroughbred 
Shire 


| 125 Wilson 
18 Wilson 
59 Wilson 
Sturtevant 
Anderson 


3 
58 
263 


8% 


or 


xX 


Gray X Not Gray 


Not Gray 


Thoroughbred...... ‘ 5 Wilson 
Shire Wilson 

| | Wilson 
Sturtevant 
Anderson 


All breeds 


Chestnut Black 


9 | 2 


Roan XBlack 


3 


Roan X Brown 


16 


Roan X Bay 


| 
12 | 38 


Roan XGray 


3 0 


Roan X Roan 


0 


It will be seen from the foregoing that out of 1,438 
matings of chestnut with chestnut all the foals are 
chestnut except 16. Sturtevant gives from 69 such 
matings all chestnut foals. In like manner I report 224 
chestnut matings producing chestnut foals. This makes 
a total of 293 foals from chestnut matings among the two 


28 
Clydesdale........ 5 
| 
434 2531 
13% 2m = 77% 
Gray | 
Gray X Gray 
47 | 18 | 
| 72% | 28% | 
Brown | Bay Gray Roan 
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breeds, trotter and saddle horse, without an exception. 
It is true that I found in the records two bay colts re- 
ported from chestnut sire and dam. The breeder of them 
is still living and informs me that it is a typographical 
mistake in the record. I have made diligent effort in the 
last few months to find a living colt from chestnut parents 
that is not chestnut itself. My efforts have been in vain, 
although I have asked in the breeding journals for the in- 
formation so as to give it the widest publicity. 

I have no doubt that either mistakes in the record or in 
the reports for registration are numerous enough to ac- 
count for the 16 exceptions given in the above tabulation. 
There are those chestnut horses whose color is so close to 
that of a light bay that it would be marvelous if mistakes 
were not made in reporting the color for registration. 
Then, too, it is not always easy to determine the color the 
horse is to be by examining the young foal. As a rule 
the colt that has the dark mane and tail and dark legs will 
shed out to be a bay, while that one which has the light 
mane, tail and legs will shed to be a chestnut. 

There is a tendency to blend in bay and chestnut. 
While the blend is not complete by any means, its tend- 
ency is apparent and at times gives trouble to foretell 
the color of the mature horse. I have examined a bay 
stallion that had on his ankle a small space covered ex- 
clusively with chestnut hairs. It is these animals on the 
border line that are so liable to be registered bay when in 
fact they are chestnut. I find numerous errors in all the 
registration records which I have been able to examine. 
The color of the horse has always been a minor considera- 
tion in registration, the pedigree being considered the im- 
portant thing. Often the pedigree is mutilated by typo- 
graphical mistakes. Why should we not expect the color 
to be changed in the same way? 

The other writers on this subject have not given any 
figures showing the behavior of chestnut when mated to 
bay, brown and black. I find that black to chestnut gives: 
32 per cent. chestnut, 22 per cent. black, 6 per cent. brown, 
and 40 per cent. bay. Brown to chestnut gives: 24 per 
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cent. chestnut, 12 per cent. black, 12 per cent. brown, and 
52 per cent. bay. Bay to chestnut results in: 34 per cent. 
chestnut, 4 per cent. black, 3 per cent. brown, and 59 per 
cent. bay. The behavior of bay with chestnut is just 
what is to be expected if chestnut is recessive, as it seems 
to be. But it is in the matings of chestnut with black 
and brown that the real difficulty is encountered. Why 
should chestnut and black matings give 40 per cent. bay, 
and with brown it gives 52 per cent. bay. I must confess 
that up to this time I have not found an explanation to 
this. With these exceptions chestnut certainly behaves 
as a recessive to all other coat colors in horses. 

Another strong evidence of the hypostatie position of 
chestnut is found in the matings in which it is not in- 
volved in the color of either the sire or the dam. Black 
x black matings give 3 per cent. chestnut foals. Black 
< brown gives 2 per cent. chestnut. Black x bay gives 
9 per cent. chestnut. Brown x bay gives 7 per cent. 
chestnut. Brown xX brown 2 per cent. chestnut. Bay 
bay gives 13 per cent. chestnut. Here are six classes of 
matings with no external evidence of chestnut in the 
animals mated, yet regularly there come from them chest- 
nut foals. This certainly is the way a unit-character 
should behave, and to behave this way it must be reces- 
sive. A striking example of the recessive nature of chest- 
nut is to be found in The Theorist, a chestnut trotting 
bred stallion. I gave his color pedigree in The Horse- 
man of December 17, 1912. The three generations im- 
mediately before him are of solid colors other than chest- 
nut. The fourth generation has one chestnut individual, 
and the next generation two. If this is not the behavior 
of a unit-character I am unable to state how a recessive 
character should behave. 

There are some stallions that are homozygous for their 
own colors and are unable to produce even from chestnut 
mares any chestnut foals. The two trotting stallions are 
Bingen and Alcyo, who, I have found, do not produce any 
chestnuts, although each one has had numerous mares 
who to other stallions do produce chestnut foals. 

Black is dominant to chestnut and hypostatic to brown, 
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bay, gray and roan. The percentages are from a total of 
298 black & black matings: 91 per cent. black, 3 per cent. 
chestnut, 4 per cent. brown, 2 per cent. bay. The brown 
and bay from black matings are very small, not enough 
to vitiate the conclusion that black is hypostatic to these 
two colors as well as to gray and roan. Under the 
present methods of registration there can be no sharp line 
of demarcation between black and brown. Iam confident 
that as the records are now made up enough errors have 
crept in, by registering browns black, to account for the 
exceptions above mentioned. From true black horses 
mated to true black only black and chestnut will be ob- 
tained, in my opinion. The percentages of black colts 
from the cross of black and brown and black and bay are 
35 per cent. and 22 per cent., respectively; just about the 
figures that the Mendelian law would justify. 

In regard to brown and bay no little difficulty is en- 
countered. Wilson says: 


The relative positions of bay and brown remain to be settled; and 
although there is evidence in favor of brown being dominant to bay, this 
conclusion is not clearly established. It must be remembered these are 
the colours breeders have the greatest difficulty in discriminating; and 
errors effect sires and dams and foals. In regard to sires it has been 
possible to correct the registered colors in several eases; and while 
every correction has increased the evidence in favor of brown being 
dominant, it is still possible there may be other explanations, as, for 
instance, that bay is a diluted brown. 


Wilson’s conclusion is that brown is dominant to bay, 
although he expresses a doubt as to the correctness of 
his own conclusions. 

In his interpretation of the figures, Sturtevant goes the 
line of least resistance. He says: 


I am unable to agree with Wilson that bay and brown can satis- 
factorily be separated I base this upon my own observation, upon 
the frequent changes from bay to brown and vice versa which he 
(Wilson) mentions finding in the Clydesdale records, and the similar 
changes which I have observed among Harness Horse records, and 
upon the frequent recording of English Thoroughbreds as “bay or 
brown.” My conclusions, then, are that brown and bay are not distinct, 
brown being merely a dark bay. 
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I do not believe that either Wilson or Sturtevant is cor- 
rect. I reached the conclusion in my first paper, based 
on the records of the saddle horse alone, that brown is 
dominant to chestnut and black and hypostatic to bay. 
With all the figures before me now, I am still of the 
opinion that brown is recessive to bay. When bay is 
mated with brown the product is: 56 per cent. bay, 32 per 
cent. brown, 5 per cent. black and 7 per cent. chestnut. 
The total number of horses produced by this mating is 
2,460, a number large enough to show that the percentages 
can be relied upon. Bay xX bay produces: 77 per cent. 
bay, 8 per cent. brown, 2 per cent. black and 13 per cent. 
chestnut. 

Brown X brown gives: 2 per cent. chestnut, 11 per cent. 
black, 59 per cent. brown and 28 per cent. bay. It is this 
28 per cent. bay that is the greatest obstacle in the way 
of the interpretation which I have given to the results. 
If brown is a recessive to bay there should be no bay foals 
from brown sire and brown dam. Yet such matings yield 
‘a large per cent. of bay. I spent much time during the 
summer of 1912 studying the color of horses in the field. 
I believe that I have found an explanation for the above 
difficulty. 

There is a brown horse that is called by horsemen the 
seal brown. The seal-brown horses appear to be almost 
black, and can easily be mistaken for black. The top line 
is all black, as is the mane and tail. The legs, except for 
possible white markings, are black up to the body. The 
body is very dark brown, in some cases showing a lighter 
shade near the flanks, and back of the nostrils a little of 
the lighter shade of brown is found. This is the true 
brown horse and only such should be recorded as brown. 

There is a class of so-called brown horses known as the 
mahogany browns. These horses have black mane and 
tail, black legs, the top line of the body and sometimes 
the under line are black. The sides of the body have 
many bay hairs mingled with the black hair. Some 
blotches, usually near the flanks, seem to be exclusively 
bay. It seems to me that this horse is on the border line 
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between bay and black, or is an example of the incomplete 
dominance of the bay over the black. 

If this theory be true, such mahogany brown horses are 
not, from the standpoint of reproduction, brown at all. 
No true brown foals should come from them unless the 
factor for brown be latent in their germ cells. They are 
examples of the simplex bay and when mated should give 
bay and black foals. 

When it is remembered that the records have all these 
so-called mahogany browns recorded as browns, and no 
possible way to separate them, it becomes a very difficult 
matter to properly interpret results. I should be inclined 
to agree with Sturtevant that no separation of brown and 
bay can be made, were it not that I have found these two 
classes recorded as brown, while one class is a brown and 
the other class is a bay. Brown X brown matings, when 
a per cent. of genetically bay individuals enter into such 
matings, would have to give some bay foals. Twenty- 
eight per cent. of bay foals is none too large to expect 
from the number of simplex bays recorded as browns. 

Another solution of this matter of black, bay and brown 
was suggested by A. B. Cox in a letter to me under date 
of May 14, 1912. 


Might it not be possible that bays, browns and blacks should be con- 
sidered as a unit and that their appearance could be controlled by an 
independent factor; something on the same principle of the dilute 
factor in rabbits’ color as set forth by Professor Castle? We have 
different shades of chestnut and also of gray roans, might not these 
different shades also be controlled by this dilute factor? Should we 
not divide the colors in three classes: (1) Gray roans; (2) bay, brown 
and black; (3) chestnut of different shades? Each class to be con- 
trolled by one factor, and then the different shades of these units to be 
controlled by an independent factor. 


It is no little temptation to adopt this short series as it 
relieves at one stroke so many difficulties. Black, (seal) 
brown and bay are just as distinct colors as are chestnut 
and gray. This being so, I believe that each must have a 
separate factor, even though it may make the factors for 
color very numerous in the germ cells. For example, 
from gray X bay matings there are produced gray, bay, 
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brown, black and chestnut, five colors; showing that in 
the germ cells of a gray horse there must be the factors 
for five colors. In view of all the evidence which I have I 
adhere to my first interpretation, adopt the long series 
and place brown recessive to bay. Bay I place between 
brown and the two colors which are dominant to it, gray 
and roan. 

That gray and roan are dominant to bay there can be 
no doubt. Nine hundred and six foals from matings 
gray X< not gray produce 46 per cent. gray and 54 per 
cent. not gray. It is known that homozygous gray when 
mated with any of the four popular colors will always 
producea gray. Itis only from a heterozygous gray that 
other than a gray can be produced. Roan behaves 
exactly the same way. I have no records that would indi- 
eate the comparative strength of roan and gray. For 
the present I place them at the top of the series as of 
coordinate strength. It is just possible that there is a 
white that is dominant to both the gray and roan, but this 
has not come under my observation. Nor do I have any 
data to enable me to place dun in a series. 

The cause of the different shades of roan, bay and 
chestnut must be left to another paper, as well as the in- 
teresting behavior of the white markings to be found on 
most horses, and also the dappled condition of certain 
grays, bays and chestnuts. 

Sturtevant has suggested that C represent the factor 
for chestnut; H for black; B for bay (or brown); G for 
gray; R for roan, and W for white. I now suggest this 
change: Add the factors for brown, Br, and dun, D, and 
change black to Bl. The series then becomes: C, hypo- 
static to all others. Bl epistatic to C but hypostatic to 
Br, which in turn is hypostatic to B. G and R are both 
epistatic to B, and perhaps are hypostatic to W. This 
leaves D (dun) unplaced except that it is known to be 
near the top of the series with G and R. 


THE VARIATIONS IN THE NUMBER OF VER- 
TEBRA AND VENTRAL SCUTES IN TWO 
SNAKES OF THE GENUS REGINA 


ALEXANDER G. RUTHVEN AND CRYSTAL THOMPSON 


Museum or Zoouocy, UNIversity OF MICHIGAN 


It has been asserted that the number of large scales on 
the ventral surface in snakes is the same or nearly the 
same as the number of vertebre. Gadow (1901, p. 582) 
asserts that the ‘‘skeleton segments correspond in num- 
ber to the ventral and transverse scales of the skin,’’ but 
Jourdran (1903, pp. 25-26) has failed to find an exact 
correspondence between the total numbers of scutes and 
vertebre in many specimens. According to the counts 
published by the latter writer (1903, pp. 25-26), the dis- 
crepancy may vary from 25 less to 53 more scutes than 
vertebra, and he concludes, 

On peut done conclure qu’il n’y a qu’une concordance tres relative 
entre le squelette interne et la metamerisation externe des teguments. 

Unfortunately a study of Jourdran’s paper seems to 
show that his counts of the vertebre can not be relied upon. 
Some of the skiagraphs are so poor that it is doubtful if 
eareful counts could be made from them, many of the 
numbers given are estimates, the tail in some of the speci- 
mens is broken, the disposition of the vertebre is not 
indicated, except when the number of ribs is given, and 
the number of ribs given is in some cases much greater 
than shown in the skiagraphs, apparently indicating that 
the long transverse processes of the proximal tail ver- 
tebre have been counted as ribs. We believe that Jour- 
dran’s work shows only that some discrepancy between 
the number of vertebre and the number of scutes may 
occur. Grosser (1905, pp. 57-61) has pointed out that 
there is a metameric arrangement of the ventral scales 
except in the neck, anal and tail regions, so that dis- 
crepancies must be confined to these regions. 
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On the assumption that the belly scales and body 
vertebre are the same, Bateson (1894, p. 123) has pointed 
out that there must be considerable variation in the num- 
ber of vertebre in this region, and Ruthven (1908) has 
shown that if the number is the same in both series in the 
genus Thamnophis closely related species when differing 
in relative size also differ in the number of body and tail 
vertebra, since they do so vary in the number of scutes. 

In view of the fact that there may be a discrepancy in 
the number of vertebre and ventral scutes, general con- 
clusions based on the correlation between the two series 
are of little value until the method, amount and place of 
variation has been determined. As is well known a pro- 
nounced sexual variation in the scutes occurs in at least 
some species, the males having on the average fewer 
belly seutes and more subcaudal scutes than the females. 
It might very well be that while the total numbers of 
seutes and vertebre are not the same, the number in each 
whole series is about the same in the two sexes, the varia- 
tion simply affecting the relative number on the body and 
tail, or there may be more or less scutes than vertebre on 
the body and less or more scutes than vertebre on the tail, 
so that the total number in the two series is close together, 
or the number of scutes may vary independently of the 
vertebre sufficiently to bring about the observed sexual 
differences, the number of vertebre remaining the same, 
and the relation between the number of members in each 
series may be different in different forms. 

It has been the purpose of this study to determine the 
correlation that exists between the number of belly scales 
and body vertebre and between the number of subcaudal 
scales and caudal vertebra in two species of snake, and 
from this to discover if the sexual and individual differ- 
ences in seales are associated with differences in the total 
number of vertebre or are merely in the relative number 
on the body and tail. 

The results embodied in this paper were in part ob- 
tained by Mr. Charles Obee, in 1910, under the direction 
of the senior writer, and were submitted by him in the 
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form of a thesis to the faculty of the department of litera- 
ture, science and the arts, University of Michigan, in 
partial fulfillment of the requirements for the degree of 
Master of Arts. The work was completed by the junior 
writer in 1912. The skiagraphs were made by Dr. E. T. 
Loeffler, of the department of dentistry, University of 
Michigan, and we gratefully acknowledge his untiring 
efforts to provide us with satisfactory plates of the rather 
difficult material, without which the work could not have 
been completed. 

The methods used in this study are simple. Two 
closely related species belonging to the North American 
genus Regina (Natriz in part or Tropidonotus in part of 
some writers), R. leberis (L.) and R. grahami (B. & G.) 
were used. Most of the work was done on R. leberis. In 
a series of specimens the sex and the number of ventral 


Fic. 1. Skiagraph of anal region of a specimen of Regina leberis (L.) to show 
position of last three vertebra. The pin lies in the anal opening. 


(belly and subeaudal) scales was determined, and skia- 
graphs were made of each specimen from which the 
vertebre were counted. Before making the skiagraphs a 
pin was thrust through the body at the anus so that the 
position of the last few body vertebre would be revealed, 
and it was determined by dissection which pair of the 
short anterior ribs is the first to reach a ventral-seute and 
the number of this scute. 

General Relations of Vertebre and Scutes.—It is first 
to be stated that in the few specimens dissected it is the 


; 
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third or fourth pair of anterior ribs, on the fifth and 
sixth vertebra, that first extends to the belly scutes, and 
the scute reached is the eighth. This makes three or two 
scutes more than vertebre in the neck region, and there is 
probably a slightly greater difference than this in some 
specimens, as there is a difference in the extent to which 


153 - the gular scales encroach 
upon the region occupied 
by the first seutes. On 
the other hand, it is to be 
noted, as shown by the 
ws skiagraph (Fig. 1), that 
it is the ribs of the 
148 fourth from the last ver- 
/ tebra that connect with 
Ss. the last seute in front of 
146 “4 the enlarged anal plate, 
4 the antepenultimate pair 
al] terminating distally op- 
site tl 1 plat 
| al galt posite the anal plate 
143 4 (which has thus’ been 
| considered a part of the 
belly series), and thie 
141 ate two last pairs of ribs ex- 
me tending into the base of 


A B Cc D E F GH N ° 
Fic. 2. Variation in the number cf anal plate, then there 


body vertebre and belly scales in Regina would be barring the 
leberis (L.).. variation in 


vertebra, females; —+—-+—+, varia- discrepancy anteriorly, 
tion in vertebre, males; ... ., variation 
in scutes, females; —.—.—., varia- two more body vertebre 


tion in scutes, males; M.V., mean num- than scutes, but as there 
ber of vertebre (146.25 g, 146.87 9); 

M.S., mean number of scutes (146.37 ¢, are about two or three 
scutes in excess of ver- 
tebre anteriorly the two extra ribs reduce the discrep- 
ancy to one or nothing in the specimens dissected. That 
this is about the normal condition is shown by the 
variations in the series studied, and it may be concluded 
that when the differences are more or less than this 
number the discrepancy is due to the addition or loss of a 


belly seute or two under the chin. 


I 
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Variation in R. leberis—In the diagrams (Figs. 2, 3, 4) 
the variations in sixteen specimens of R. leberis are shown 
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Fic. 3. Fig. 4. 
Fic. 3. Variation in the number of caudal vertebre and subcaudal scales in 
R. leberis (L.).. ——-—-—, variation in vertebre, females; —-+—+—+, 
variation in vertebre, males; ... ., variation in scutes, females; —.—.—., 


variation in scutes, males; M.V., mean number of vertebre (79.75 Jf. 78.50 2); 
M.S., mean number of scutes (77.12 3) 71.50 Q). 

Fic. 4. Variation in the total number of vertebre and ventral scutes in 
R. leberis (L.).. ——-—-—, variation in vertebre, females; —+—+—4, 
variation in vertebre, males; ...., variation in scutes, females; —.—.—., 
variation in scutes, males; M.V., mean number of vertebre (226 B+ 220.37 9); 
M.S., mean number of scutes (223.50 3: 218.25 Q). 


graphically and in such a way as to illustrate their nature 
and the correlation that exists between the different series. 
The results appear to be as follows. There is a variation 
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in the number of body vertebre (8 in the males and 13 in 
the females), and the males have on the average .62 less 
than the females; and there is a similar variation in the 
belly seales, the males having .38 less than the females. 
In the females the number of belly scales varies from one 
less to one more than the body vertebre, the average 
being .12 less, and in the males the variation is from one 
less to two more scales than vertebra, the average being 
12 more. The number of caudal vertebre is variable (11 
in the males and 10 in the females), and the males have 
on the average 6.25 more vertebre than the females; and 
there is a similar variation in the number of subecaudal 
scutes,’ the males having 5.62 more than the females. In 
the females the number of subeaudal seales varies from 1 
to 3 less than the tail vertebrae, averaging about 2 less, 
and in the males the scutes vary from 1 to 4 less, average 
2.63 less. 

It is evident from this summary that the average excess 
of tail vertebre over subeaudal scutes (2.63 in the males, 
2 in the females) is only slightly affected (.12 in either 
direction) by the discrepancy between the belly scutes 
and body vertebre when the whole series are considered, 
so that the normal relation in the entire series in both 
sexes is about two less scutes than vertebre. Further- 
more the total number of vertebre and scutes in the males 
is respectively 5.63 and 5.25 greater than the average 
number possessed by the females, the decrease (.62 and 
.38) in the body series in the males not being sufficient to 
lower the total number to the average number in the 
females. Still further, a pronounced variation in the 
total number of vertebre and scutes in each sex is re- 
vealed. This variation amounts to 15 vertebre and 12 
scutes in the males and 9 vertebra and 9 scutes in the 
females, and is of course due to the fact that deviation 
from the mean in one member is not compensated by a 
corresponding deviation from the mean in the opposite 
direction in the other member. Thus in the 16 specimens 
the variation on the body and tail is in the same direction 


It should be stated here that the subcaudal scutes are paired, and that 
references to the number always refer to the pairs. 
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in 6 specimens, and while in different directions in the 
remaining 10, in only 5 do the deviations in the two mem- 
bers approach equality and in four of these the deviation 
from the average is very small in both series. 

Variation in R. grahami.—From the above results one 
may conclude that if the same correspondence in the 
number of ventral scutes and vertebre prevails in nearly 
related forms the form with the most scales will have the 
most vertebre. To test this point in the genus studied a 
small series of males (all that were available) of R. 

grahami were examined. The results are shown in the 
following table : 


THE NUMBER OF VERTEBR.E AND VENTRAL SCUTES IN THREE SPECIMENS OF 


Body Vertebree | Body Scales | Tail Vertebre | Tail Scutes Total Vertcbre Total Scutes 


177 +| 178 | 68 | 62 245 


| 
| 240 
167 170 | 64 63 231 | 233 
| 62 64 | 244 | 242 
175.33 6.3 | 63 240 «| (238.3 


Total vertebre > total seutes = 1.66. 


It will be noted that the same close correspondence in 
seutes and scales is indicated in R. grahami as has been 
demonstrated for R. leberis, and that notwithstanding 
the fewer vertebre in the tail the former species has a 
decidedly larger number of vertebre and scutes. There 
is no reason to believe that the females of R. grahami will 
not show a similarly higher number of seales and the same 
relation between scutes and vertebre. 


SUMMARY AND CoNCLUSION 


The variation in series of R. leberis may be summar- 
ized as follows: 

1. The number of belly scutes is practically the same 
as the number of body vertebra, and the number of sub- 
caudal scutes is between two and three less than the 
number of caudal vertebre. 

2. The sexual differences consist of an average of less 


Regina grahami (B. & G.) 
= 
Body scutes > body vertebrae = 1.67. Tail scutes < tail vertebrae = 3.3. 
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than one body vertebra and belly scale more and between 
five and seven caudal vertebre and subcaudal seales less 
in the females than in the males. 

3. There is considerable variation in the total num- 
ber of vertebra and scales in the two sexes, variations in 
the series of one member rarely equaling opposite varia- 
tions in the series of the other. 

It goes without saying that the extent of variation in 
the two series is probably not indicated in the small 
amount of material used, but the relations of the num- 
bers in the different series are so little variable that 
there can be but little doubt that the above summary ex- 
presses the general conditions. 

It is not known at present just how widespread this 
close correspondence in the number of vertebre and ven- 
tral scutes is among snakes, but it is conservative to say 
that there is probably a correlation between the two 
series in most, if not all, forms, and that in some groups 
this correlation approaches close correspondence in the 
number of parts. It follows from this that, as in R. 
leberis and R. grahami, the species with most numerous 
ventral scales have more vertebre than others in which 
the same correspondence prevails, and the opposite, and, 
as the senior writer has shown that variations in size in 
groups of related species in the genus Thamnophis are 
associated with differences in the number of scutes, the 
larger forms having more scales than the smaller, it may 
be assumed, tentatively at least, that difference in rela- 
tive size in such a group of closely related species is a 
deep-seated modification that affects the number as well 
as the size of the metameres. 
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SHORTER ARTICLES AND REPORTS 


THE SIMULTANEOUS MODIFICATION OF DISTINCT 
MENDELIAN FACTORS 


IN another paper’ on the inheritance of a recurring somatic 
variation in variegated ears of maize, it was shown that the 
amount of red color developed in the pericarp of variegated 
seeds bears a definite relation to the development of color in the 
progeny of such seeds. The relation is such that the more color 
there is in the pericarp of the seeds planted the more likely are 
they to produce plants with wholly self-red ears and ecorrespond- 
ingly the less likely to produce plants with variegated ears. 
Self-red ears thus produced behave just as if they were hybrids 
between self-red and variegated races or self-red and white races, 
the behavior in any given case depending upon whether the 
parent variegated ears were homozygous or heterozygous for 
variegated pericarp and whether they were self-pollinated or 
crossed with white. 

To interpret these facts I have suggested that perhaps (1) a 
Mendelian factor for variegation, V, is changed to a self-color 
factor, S, in a somatic cell, (2) that all pericarp cells directly 
descended from this modified cell develop red color. and (3) 
that of the gametes arising from modified cells one half carry 
the S factor and one half the V faetor.2, Whether it ever hap- 
pens that more than one half of such gametes carry S is un- 
known, but it is certain that a considerable part of them earry V. 
This is shown by the fact that self-red seeds from a variegated 
ear that has been cross-pollinated by white-eared maize produce 
a considerable percentage of variegated-eared plants. Evidently 
in such eases the duplex condition of the factors is changed to 
the simplex condition by the change of one V factor to an S 
factor, so that the zygotic formula VV becomes VS. 

Now it often happens that a considerable patch of self-red 
grains occurs on an otherwise variegated ear. The cob imme- 
diately beneath such a patch is sometimes variegated, just like 

1 Not yet in print. 

?This hypothesis was noted in my discussion of the possible origin of 
mutations in somatic cells. AMERICAN NATURALIST, 47: 375-377, 1913. 
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that beneath the variegated grains of the same ear, and some- 
times self-red, the red cob spot corresponding exactly with the 
patch of red grains. Yet the wholly red ears arising from such 
self-red seeds invariably have wholly red cobs without respect 
to whether the parent seeds were from a red or variegated cob 
spot. It seems possible that in some cases the change from V 
to S occurs earlier in the life of the plant than in other eases. 
In some plants the change may, it seems possible, occur soon 
after the cob is laid down, in which ease all the cells of the 
glumes as well as of the pericarp over a considerable area will 
be red. In other plants it appears that the change from V to 8S 
occurs independently in the rudiments of several grains, but not 
until after the glumes associated with them have been laid down. 
But in either case, it must be remembered, the red ears produced 
from such red seeds always have wholly red cobs as well as 
wholly red grains and cob and pericarp colors are coupled in all 
later generations. Evidently, whatever is responsible for the 
change from variegation to self-color always affects both cob 
and pericarp colors. 

This would occasion no surprise if it were known that red cob 
color and red pericarp color are due to identical factors. But 
I have presented, in another place,® evidence that cob and peri- 
carp colors are dependent upon distinct genetic factors which 
are either coupled or allelomorphiec in inheritance. Even if it 
should be shown that the red color of the cob is due to identically 
the same pigment as the red color of the pericarp, it must never- 
theless be assumed that there are distinct genetic factors that 
influence the distribution of this pigment. The factor S, that 
has to do with the determination of self-pattern of cob color can 
hardly be the same as the factor S, that has to do with the same 
pattern in the pericarp, for, if it were the same, a cross of a 
strain having variegated cob and variegated pericarp with a 
strain having self-red cob and colorless pericarp should produce 
progeny self-red in both cob and pericarp, whereas such a cross 
actually produces ears with self-red cobs and variegated peri- 
earp. We are practically driven, therefore, to the conclusion 
that there must be distinet factors for self-color of the cob and 
self-color of the pericarp, S- and Sp», respectively. It seems 
reasonable then to suppose that the same is true of the variega- 
tion pattern and that there are both V. and V, for variegated 
cob and variegated pericarp, respectively. 

*Ann. Rpt. Nebr. Agr. Expt. Sta., 24: 59-90, 1911. 
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If this is true, we are confronted with the problem of explain- 
ing the apparently universal occurrence of self-red cobs in con- 
nection with self-red ears arising in F, from variegated-eared 
parents. Why, in short, should V; and V>, if they are really 
distinct, always change together to S- and S,, whenever either 
one changes? This seems the more unaccountable when consid- 
ered in connection with the fact that the change often, or per- 
haps always, affects only one of the two like (duplex) factors 
of a homozygous somatic cell, so that VeVp-V-Vp becomes 
S.Sp- VeVp. 

In my former paper (loc. cit.) I accounted for perfect 
coupling of cob and pericarp factors in certain crosses by the 
assumption that the two factors were located in the same chro- 
mosome, and explained perfect allelomorphism of the same fac- 
tors in other crosses by the assumption that the two factors were 
located in homologous chromosomes. This was on the further 
assumption that homologous chromosomes separate at the reduec- 
tion division exactly at the plane of their union in synapsis. 
If in place of this last assumption, however, we accept Morgan’s* 
suggestion, based upon cytological evidence presented by Jans- 
sens, that homologous chromosomes may become spirally twisted 
together in synapsis and that the plane of separation may not 
always coincide exactly with the plane of union, we must also 
accept his further suggestion that the linear position of factors 
within a chromosome has much to do with the degree of coupling 
and allelomorphism, ‘‘linkage.’’ To me Morgan’s hypothesis 
seems the most reasonable interpretation of the facts of partial 
coupling and ‘‘repulsion,’’ and it also affords a satisfactory ex- 
planation of perfect coupling and allelomorphism. 

In accordance with Morgan’s hypothesis, we must suppose, 
not only that the factors V. and V> are located in the same chro- 
mosome as I had done before, but in addition that they are situ- 
ated very close together in this chromosome, since their linkage 
seems to be perfect. Similarly we must suppose, not only that 
V, and S, are in homologous chromosomes, as I had previously 
done, but that they are in almost exactly homologous positions 
in these chromosomes, since their allelomorphism appears to be 
perfect. This second supposition follows of course as a corol- 
lary of the first one if S is produced through a modification of V. 

Now we might suppose further that the two factors, Vp and 


* Science, N. S., 34: 384, 1911. 
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V.. are located side by side in the same chromosomes not only at 
the time of the reduction division but also in all nuclear divi- 
sions and even perhaps that they remain in fairly close prox- 
imity in the more diffused chromatin of the resting nucleus. 
Then if homologous chromosomes or their chromatin masses are 
not closely associated in somatic cells, it would seem possible that 
whatever causes the change of a V, factor into an S, factor 
might at the same time affect the V. factor of the same chromo- 
some changing it into an S, factor, while the Vp and V-~ factors 
of the homologous chromosome remain unchanged. 

It is of course recognized that a rather formidable number of 
hypotheses, with subsidiary assumptions, have been marshalled 
here to account for what may be very simple phenomena, but, 
if they do not do too great violence to the known facts of eytol- 
ogy, we are justifiable in accepting them tentatively as an 
attempt at a consistent interpretation of what otherwise seem 
inconsistent genetic facts. 

R. A. EMERSON 

UNIVERSITY OF NEBRASKA 


THE FOURTH INTERNATIONAL GENETICS 
CONFERENCE! 


IN a subject developing so rapidly as that of genetics, the 
delay of one and one half years in the publication of the results 
of an investigation is a serious matter. It is therefore to be. 
regretted that the publication of the proceedings of the Fourth 
International Conference on Genetics has followed the common 
fault of international congresses in this respect. In many cases 
results which were new at the time of the conference have been 
anticipated by other work. In other cases the results of later 
experiments have no doubt served to modify opinions expressed 
at the conference. A portion of this delay is inherent in the 
nature of an international meeting. However, it is hoped that 
for the coming conference, steps will be taken to insure the more 
rapid publication of the proceedings. 

The present volume of 570 pages consists of two parts. Part 
I (pages 1 to 79) contains the matter of historical interest relat- 

1**Comptes Rendus et Rapports de IV* Conférence Internationale de 
Génétique.’’? Edités par Ph. de Vilmorin. x-+ 571 pp. Masson et Cie, 
Paris. 1913. 
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ing to the conference. It includes the general organization; 
the list of members and adherents; an account of the various 
scientific and executive meetings and finally an account of the 
numerous receptions and excursions arranged for the entertain- 
ment of the members. ; 

The membership of the conference totaled approximately 250, 
representing twenty different countries. Of these about 150 
attended the conference. There were five sessions for the reading 
of papers and the transaction of business. 

As the members registered each received an addressed enve- 
lope containing the program of the conference and printed slips 
giving in French a brief summary of each paper to be pre- 
sented. In addition there were the invitations to the various 
receptions, excursions and entertainments, and finally an elegant 
bronze medal commemorative of the conference and bearing upon 
its reverse the name of the member. This medal, which was de- 
signed by R. Benard, bears on its face the likeness of Mendel. 
On the reverse in addition to the member’s name is the artistic 
representation of pea flowers and pods and the inscription 
‘Rerum cognoscere causas.’’ This elegant souvenir was pro- 
vided through the generosity of M. Ph. de Vilmorin. 

Of the many enjoyable excursions arranged for the conference, 
especial mention should be made of the day spent at Verriéres- 
le-Buisson in visiting the experimental gardens of Vilmorin, 
Andrieux et Cie. An account of the more interesting cultures 
seen on this excursion is given on pages 44 to 56. At 1’Institute 
Pasteur de Garches, in addition to the work of serum production, 
the members were shown the extensive plant for the breeding of 
guinea-pigs. In a visit to the Pasteur Institute at Paris the 
members were welcomed by Professor Metchnikoff and were 
enabled to see much of his work. During this trip Professor 
Blaringhem exhibited specimens and spoke of his work on trau- 
matism with maize. The conference closed with a complimentary 
**Banquet de Cloture’’ at L’H6tel Continental. 

Any account of this conference would be incomplete without 
an appreciation of the royal entertainment given to the visiting 
members. For this the conference was chiefly indebted to the 
able secretary, M. Ph. de Vilmorin, to whose untiring efforts were 
due both the success and pleasure of the meeting. 

Part II contains the fifty-eight scientific papers presented at 
the conference. These are printed either in French or English 


638 THE AMERICAN NATURALIST  [Vou. XLVII 


and in each ease there is a brief summary in the alternate lan- 
guage. This is a great convenience to the French and English 
reading public but it is not clear why German should have been 
so rigidly excluded. A number of the papers were presented in 
German but in each case these have been translated into French 
with an English summary. 

Of the papers which attracted most attention at the conference 
probably that of Miss Saunders on ‘‘The Breeding of Double 
Flowers’’ held first place. Miss Saunders’s results have since been 
published elsewhere but their interest is sufficient to be noted 
very briefly here. In the genus Matthiola there are two kinds 
of single flowers—(1) the double-throwing and (2) the non- 
double-throwing. The doubles are always sterile, so that doubles 
must always come from single parents. Miss Saunders showed 
that singleness is due to two factors, X and Y, and that in the 
non-double throwing type these two factors are linked together. 
Doubleness is due to the absence of either or both of these factors. 
Now it further appears that in the double-throwing strains all 
four possible combinations of these factors occur in the ovules 
but ‘‘the pollen appears unable to carry X and Y either alone 
or together.’’ Thus we have in addition to the coupling or 
reduplication a case of sex-linked inheritance which so far as the 
writer is aware was the first case to be reported among plants. 

In a brief paper Professors Bateson and Punnett pointed out 
that what they had formerly termed ‘‘coupling’”’ and ‘‘repul- 
sion’’ are in reality phases of the same phenomenon. In each 
case the results are produced by a ‘‘reduplication’’ of those 
gametes which represent the parental combinations. This is 
another case of results which were new at the time of the con- 
ference but which have become familiar to students of genetics 
through other publications. 

A number of papers deal with the heredity and breeding of 
cereals. Of these there may be mentioned cne by Dr. Jesenko 
upon a fertile hybrid between wheat and rye. This cross has 
been made a large number of times but in every instance the F, 
plants were sterile. Dr. Jesenko succeeded in finding one plant 
partially fertile and from this, F, and F, generations have been 
grown. The interest in this work lies in the fact that the F, and 
F,, plants were fairly fertile. In this connection should be noted 
the paper by Mr. Sutton, of England, on hybrids between the wild 
pea of Palestine and the common commercial pea. In this species- 
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eross the F, plants were also nearly all sterile, but from a large 
number of crosses a few seeds were obtained and the F, and suc- 
ceeding generations were quite fertile. A very similar result 
was reported by M. Bellair in the case of certain tobacco hybrids. ° 
It is possible that these investigations may point the’ way to a 
better understanding of sterility in species crosses, 

The communication of M. Boeuf on the stability and variation 
of characters in pure strains of cereals points again to the con- 
clusion that selection within a ‘‘pure line”’ is without effect. The 
author cites a large number of experiments to support his thesis. 

The observations of Dr. Trabut upon the origin of cultivated 
oats will be of interest to students in this field. 

Two papers deal strictly with the inheritance of quantitative 
characters, a subject of so much interest at the present time. Pro- 
fessor Bruce, of London, concludes that ‘‘It can not be affirmed 
with certainty that Mendelian laws apply to such characters.’’ 
Professor Balls, of Egypt, presents a large amount of interesting 
data regarding quantitative characters in cotton hybrids. How- 
ever, he believes the fluctuating variations are so large and due 
to so many causes that it is not possible to show that such char- 
acters are controlled by segregating factors. The rapid advance 
in this field of genetics within the past year would hardly sup- 
port these conclusions. 

An important paper by Nilsson-Ehle on Mendelism and acclima- 
tization gives us a somewhat different view of acclimatization than 
that usually held. This author holds that increased resistance to 
cold, for example, is not obtained by the simple isolation of a 
more resistant type already present in a variety. Further such 
types do not arise by mutations in the ordinary sense of the 
word. He says in his summary (p. 156) : 


On the contrary, all my researches tend to show that the numerous 
types which can be distinguished, both in the characters of resistance to 
cold, precocity, and other quantitative characters, are produced by vari- 
ous combinations of certain Mendelian factors. 


To those biologists who are still skeptical as to the validity of 
the factorial concept as a means of interpreting the facts of 
heredity we would recommend the paper by Professor von 
Tschermak. In experiments on the recrossing of hybrid peas 
which have extended over eight years and in which ‘‘some thou- 
sands of individuals have been recorded’’ he is able to ‘‘con- 
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firm the factorial theory in the most complete and satisfactory 
manner.’’ In more recent papers he has given the details of 
these extensive experiments of which only a summary is pre- 
' sented in the above paper. 

While the majority of the papers deal with plants there are 
several upon the animal side. Of these, there may be mentioned 
one by Walther on the coat color of horses. He considers that 
there are two principal colors in horses’ coats, viz., yellow and 
red. These he says are allelomorphie to each other with yellow 
dominant. These colors may be modified by supplementary mark- 
ings such as black marks, white hairs, ete. Thus such colors as 
brown, bay and dun would depend upon multiple factors. 

Papers by Chappellier on duck hybrids, by Noorduyn on can- 
aries and by Houwink on fowls contain points of interest. 

Papers by Crouzon and by Drinkwater deal with phases of 
human inheritance. 

Several papers by de Vilmorin and by Mrs. Haig-Thomas as 
well as those by Blaringhem, von Ruemker, Collins and Kempton, 
Johannsen, Hurst, Salaman, Swingle, and others contain many 
interesting points which it is not possible to mention in this brief 
account. 

The volume is well printed on good paper and the numerous 
illustrations are well executed. A welcome feature of the volume 
is the reproduction of photographs of the participating members 
of the conference so far as these could be secured. 

In general the editorial work is good. However, in spite of 
the fact that two proofs were submitted to the authors a con- 
siderable number of typographical and grammatical errors are 
to be found. This is particularly true in some of the English 
summaries (cf. for example p. 130). The services of an Eng- 
lish editor would have made these much more readable. 

The volume contains a wealth of observation which well re- 
pay reading. It will form a welcome addition to the library of 
students of heredity. 

FRANK M. SuRFACE 
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